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Abstract

ERS-1 satellite microwave radar data are analyzed to investigate changes in searice characteristics
during a period when a drifting ice camp was deployed in the Weddell Sea, Antarctica. Synthetic
Aperture Radar and scatterometer data are calibrated and geolocated to derive a time series of C-
band backscatter coefficient (6°) corresponding with simultaneous surface measurements during the
austral autumn freeze-up. Thermistor strings were implanted in the snow and ice a a number of
local and regiona sites. Surface measurements at these sitesindicate that up to 50 % of the surface
of ice floes surviving the summer were flooded, with an unconsolidated, saline slush layer at the
snow/ice interface consisting of approximately half seawater and half ice of meteoric origin. The
slush wastypically 5 to 30 cm thick and covered by a 20 to 50 cm thick dry snow layer. Results
show that the microwave radar backscatter characteristics of this perennia ice region responded
sensitively to changesin air temperature and corresponding changes in turbulent flux of heet at the
surface of the sea ice. At ice concentrations exceeding 95 %, the modulation of the regional
backscatter coefficient by windspeed and direction was negligible. Warm summer conditions
persisted for around two weeks after ice camp deployment on 7 February (day 38), with ar
temperatures of around -3 to -5° C prior to the onset of autumn freeze-up. From 26 February (day
57) onwards, cooling began and snow-ice growth proceeded as air temperatures fell to below -20°
C. Altogether, between 7 February (day 38) and 15 March 1992 (day 75) the backscatter coefficient
timeseries measured by each radar indicated that o° fell by severa dB’s during the freezing and
transformation of the layer of saturated, saline basal snow into snow-ice. This change is caused by
areduction in the permittivity and thus the scattering intensity of the basal snow as afunction of the
disappearance, by freezing, of the saltwater saturated layer. These results suggest the possibility of
monitoring the timing and autumn freeze-up transition of regiona ice signatures as a means of
quantifying the proportion of flooded perennia seaice.

Keywords: Synthetic Aperture Radar, Scatterometer, Weddell Sea, Antarctica, austral autumn,
freeze-up, backscatter coefficient.
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1.0 Introduction

The western Weddell Sea contains the largest proportion of the ice cover around Antarctica which
survives the summer (~ 40 %), resulting in alarge fraction of multi-year ice in the region. A snow
cover as deep as one meter or more remains on top of the ice at the end of the summer. During the
summer months, the temperature of the seaice and the within overlying snow cover are close to, or
a their melting point. With the onset of autumn, air temperatures drop, the basal snow and ice
surface cools, and additional ice begins to form. The freezing process can have significant effects
on the searice biota, and the salt flux to the ocean [Fritsen et al., 1994, Lytle and Ackley, 1996].

Ice convergence occurs in the western Weddell Sea as the ice is pushed against the Antarctic
Peninsula [Drinkwater and Kottmeier, 1994]. Resulting compaction of the ice floes and dynamic
thickening of the ice due to ridging, rafting and deformation creates a rough, deformed ice cover,
with little open water. The small fractions of open water (usually less than 5 %) determine the
extent to which the upper ocean communicates directly with the lower atmosphere, and regulate the
magnitude of the ocean-atmosphere heat fluxes. This area of ice convergence and ridging also
corresponds with a zonal maximum in annual precipitation [Eicken, et al., 1994; 1995] along a
swath between 70° and 75°S. Drifting snow rapidly accumulates around ridges and new ice in leads
is quickly covered with snow. Thus, a combination of the higher abedo snow together with the
shielding effect caused by its reduced thermal conductivity, and the low ocean heat fluxes, play an
important role in ensuring the capability of this sea ice to survive the summer months. The annual
drift of theice is sufficient to advect most of this seaice together with its accompanying snow cover
out of the Wedddl Sea within the next year, thereby representing a considerable annual flux of
freshwater exported northward in the western branch of the Weddell Gyre.

During autumn, open water areas become regions of new ice growth and locations of high-
rate brine production. The large fractions of old ice surviving the summer have a deep snow cover
which insulates the ice surface and helps protect it from surface melting. This deep snow induces
isostatic adjustment of the warm, permeable, basaly melting summer ice, often resulting in
flooding at the base of this snowcover [Lytle and Ackley, 1996]. The initid ice growth on these
floes is primarily the formation of snow-ice as this flooded snow, or slush freezes, rather than
congelation ice growth on the base of the floes. This additional component of snow-ice growth on
the top of ice floesisthought to contribute as much as 10% to the net ice production in this part of
the Western Weddell Sea [Eicken et al., 1994], and furthermore, the convection occurring in the
permeable isothermal ice cover can result in significant salt flux into the mixed layer beneath this
multi-year ice cover [Lytle and Ackley, 1996].

To date, satellite microwave radiometers have been the only reliable source of frequent
large-scale images of Southern Ocean searice extent [Comiso et al., 1992]. Passive microwave
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instruments such as Electrically Scanning Microwave Radiometer (ESMR), Scanning Multichannel
Microwave Radiometer (SMMR) [Gloersen et al., 1992] and Specia Sensor Microwave/lmager
(SSM/I) [Cavalieri et al., 1991] have been the primary source for synoptic historical data records
describing ice extent and concentration in the Weddell Sea. These large-scale, low (25 km)
resolution data are useful, however errors in the derivation of sea-ice concentration and ice type
arise from the complexity of microwave emission and scattering from Antarctic sea ice at these
frequencies, and because of the significant impact occurring from synoptic-scale meteorologica
systems [Oelke, 1996]. In particular, it isdifficult to use these passive microwave data to quantify
ared proportions of different ice types such as multi-year, first year, thin ice or open water.
Algorithmsthat are used in the Arctic to identify multi-year ice are not applicable, largely because of
the different physical processes which modify the emission and scattering characteristics of
Antarctic multi-year ice.

In order to quantify perennial ice concentrations accurately, or to detail the ice deformation
and distribution of open-water areas, a higher spatial resolution dataset is needed. Thus, a
necessary complement to the daily, 25 km resolution, large-area mapping capability of the SSM/I
instrument is high-resolution microwave radar. Until 1992, no such extensive radar dataset with
supporting on-site data existed for seaice in the Antarctic, and the only satellite-borne radar image
data of the Weddell Seawas collected by the Shuttle Imaging Radar (SIR-B) in 1984 [Carsey et al .,
1986; Martin et al., 1987]. The launch of the European Space Agency’s (ESA) first European
Remote Sensing Satdllite (ERS-1) in July 1991 provided new observations of the Weddell Sea
using a suite of microwave sensorsincluding the Active Microwave Instrument (AMI) operating a
C-band (5.3 GHz: 5.6 cm wavelength). For the purposes of this study, the AMI was operated
either in an imaging, Synthetic Aperture Radar (SAR) mode, or non-imaging Wind Scatterometer
mode by ESA [ESA Earthnet, 1992].

No long-term historical C-band surface scatterometer measurement archive is available for
Antarctic seaice, as currently exists from decades of surface-based Arctic studies. This made initial
interpretations of Antarctic SAR images difficult, largely because of the lack of any historical or
regional perspectives on the origins of backscatter variability [Drinkwater, 1995]. In this paper, we
present a time series of ERS-1 SAR images taken over the same group of ice floes as they drift
northward in the Weddell Gyre. These data were acquired in the region of the 1992 Ice Station
Weddell (ISW) drifting ice camp experiment, where detailed meteorological, sea ice and snow data
were collected on a routine basis. In addition, helicopter flights were periodicaly flown, and
qualitative estimates were made of the regional sea-ice concentration and the amount of new ice
forming in leads. We present a comparison of in-situ observations collected from ISW with the
SAR and Scatterometer data and demonstrate that the C-band instrument is sensitive to the ice-
surface changes occurring during the autumn freeze-up period. We find that SAR backscatter
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signatures decrease during the onset of winter as the slushy snow, (occurring over 30 to 50 % of
the surface area) freezes to form snow-ice. This decrease in the backscatter is opposite to the trend
observed in the Arctic during the freeze-up period, where the backscatter from multi-year ice
increases by 3to 5 dB [Drinkwater and Carsey, 1991; Winebrenner et al., 1996]. The recognition
of this slush, and the timing of its subsequent freeze-up will help to monitor the freeze-up of the
region and the onset of the salt flux into the ocean.

2.0 Ice Station Weddell
Ice Station Wedddl (ISW) was deployed on perennia sea ice about 100 km from the ice edge in

early February, 1992 a 71° 35 S, 50° 00.65W. The camp drifted approximately 750 km
northwards with the ice in the western limb of the Weddell Gyre [Gordon et al., 1993] for four
months before being recovered in June at 65° 38'S, 52° 25'W (Figure 1).

2.1 Camp Deployment, Drift and Recovery

Between 4 and 10 February 1992 the Russian icebreaker Akademik Fedorov deployed ISW and its
personnel on an ice floe approximately 2.7 km x 1.7 km. The floe was comprised of a mixture of
ice types ranging from 0.7 m thick, relatively undeformed ice, to 2 m highly-ridged ice. Figure 2a
and 2b show portions of a SAR image of the region showing ISW, with the Akademik Fedorov in
a lead next to the camp floe. Large-scale (i.e. metre-scale) roughness was characterized using the
grazing-angle relative radar-scattering intensity (in fifths) from the shipborne radar on-board
Akademik Fedorov (courtesy Vaery Karpiy - AARI, and Steve Ackley - CRREL). This quditative
shaded scale of surface roughness in Figure 2c shows that the floe was comprised of ice with
differing roughnesses characteristics as a result of differences in past deformation. In particular,
there is a clear distinction between the northern portions of the floe which was relatively
hummocked, and the smoother ice in the south. The smoother portion was later used as an airstrip
for supply by ski-equipped Twin Otter airplane. This difference in roughness is gpparent in the
SAR image in Figure 2b, with the southern portion of the ice floe having a lower backscatter.
Although field observations, and camp logistics considered these two portions a single floe, they
have distinctly different backscatter values in the SAR image. This smoother region of the floe,
although smooth on the decameter scale, still has arelatively higher backscatter than new ice which
eventually formed in the surrounding leads.

2.2 Surface Measurement Sites
Frequently visited measurement sites were established locally and situated at distances of up to 2

km away from the camp (lettered; A, B, D, G, J, and V) on the camp floe (Figure 2c). A further
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five remote sites shown in Figure 2d (named; Alex, Brent, Chris, Dimitri, and Ed) were also
established between 20 and 100 km away from the camp [Ackley et al. 1992]. Routine helicopter
flights were made to these locations, and observers estimated the amount of open water and new ice
along the flight paths. Although their relative positions varied somewhat during the study period,
particularly early in the experiment, two of the sites (Chris and Ed) remained approximately 50 and
100 km to the west. The other remote sites were 20 to 50 km to the south, east and northeast of the
main camp.

2.2.1 Thermistor Strings
Thermistor strings were embedded in the ice and snow covers at al six local sites and &

two of the remote sites, Chris and Dimitri [Lytle and Ackley, 1996]. Each location had different
initial ice and snow conditions, with ice thicknesses ranging from 0.5 to 4.0 m and snow depths
from 0 to 0.5 m. These required differing thermistor installations varying from 7 to 38 verticaly
distributed temperature measurements, with a vertical resolution of 5 to 20 cm, and a therma
accuracy of £0.03° C. Each of the thermistors initialy extended from the air through the snow,
slush and ice, and into the water, however a some sites the snow accumulation covered the
thermistors completely. They were installed over a period of time from day 52 (site A) to day 67
(site J), and after installation temperatures were recorded hourly.

2.2.2 Meteorological measurements
A combination of sources are used to obtain a complete record of air temperatures and wind

velocities. A Finnish Salargos buoy deployed on the remote floe Alex (Figure 2d), recorded hourly
temperatures and winds [Launiainen and Vihma, 1994a; 1994b]. From day 57 onwards, routine
hourly mean air temperature, wind speed, and direction were collected a ISW [Andreas &t al.,
1992]. For the period of overlap, the air temperatures of the buoy and camp agree to within 2° C,
and so the two data sets are compiled into a time series spanning the dates the SAR data were
collected (Figure 3).

3.0 ERS-1 Satellite Radar Observations

3.1 ERS-1 Radar Data Acquisition
The European Research Satellite (ERS-1) SAR data acquisitions were restricted during the ISW

drift by ESA’s scheduling and to periods of data reception by the German Antarctic Receiving
Station (GARS) on the tip of the Antarctic Peninsula (Figure 1). From day 38 to 74 (i.e. February 7
until March 14) the ERS-1 satellite was in a 3-day exact repeat orbit phase (known as the “lce
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Phase’) and was able to collect SAR data a the camp location [ESA Earthnet, 1992]. We use
additional SAR data collected prior to the ice camp deployment on day 32 (February 1) to document
ice conditions prior to camp deployment. Unfortunately, SAR data reception of the camp floe was
not possible at GARS after day 74.

During periods when the SAR was not operating, the aternate low bit-rate wind
Scatterometer (EScat) mode of the instrument enabled continuous measurement of radar backscatter

coefficient (0, ) along a500 km wide swath. We use both the high resolution SAR images, and

the lower resolution EScat data in this study. The advantage of the EScat data is that they fill in
periods in time in which no SAR data could be obtained, thereby providing a continuous
backscatter record spanning the drift of ISW.

3.2 Temporal and Spatial Coverage

3.2.1 SAR Images
A total of 22 SAR image frames were collected over floes in the vicinity of the ISW camp

between day 32 and day 74, 1992 (Table 1). Two SAR images were collected on day 32 to indicate
initial conditions of the sea ice prior to ISW deployment (Appendix 1). ISW drifted into the SAR
imaging swath on day 38. Successive ascending orbit images of the ice camp and surrounding ice
conditions were collected on days 38, 41 and 44 before ISW drifted northward into the cross-over
location of two SAR imaging swaths on day 46. Between day 46 and 65, ISW remained within this
cross-over location with successive images acquired on ascending and descending orbits (Figure
1). Between days 65 and 74 ISW drifted northwards into the ascending orbit swath only. Five
further SAR images were collected on days 70, 71 and 74 before ISW drifted out of the ascending
SAR imaging swath.

These SAR image data provide high-resolution (~25 m), dl-weather day and night
measurements of searice backscatter (O¢,r) along a 100 km-wide sweath at incidence angles of 20 to

26°. Resulting high resolution image frames described in Table 1 have dimensions of 100 x 102.5
km (range x azimuth) and an initid pixel spacing of 12.5 m. To reduce data volume and image
speckle the data are spatially filtered using a block averaging procedure (reduced by a factor 1:8)
and then geocoded in an SSM/I polar stereographic projection, with the plane at 70° S and reference
meridian set to 0° W. Reduced resolution images are calibrated with a standard agorithm to obtain
pixel backscatter coefficients [Laur, 1992]. The resulting confidence interval for the backscatter
coefficient of a block-averaged image with 100 m pixel spacing, exceeds 90 % for a+1 dB error

bound [Drinkwater, In Press]. For each entireimage, a mean backscatter (0,;) Was calculated by

averaging al 100 m pixel values.
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Multi-year ice backscatter
In addition to the global statistics from the SAR data, over 200 large, perennial ice floes are

identified and their backscatter calculated over 2 to 15 SAR images. All floes were present after the
peak in summer melt, and are therefore classified as multi-year floes. Tracking was achieved
manually using an Interactive Data Language (IDL™) image processing routine. Each floe was
identified in an image, the outline of the floe drawn on the screen, and the size and average

backscatter coefficient (d,,,) value calculated and recorded. The same floe was then identified in
other images from different days, and the process repeated. To determine the accuracy of the
method, severa operators repeated the outlining of the floes: this resulted in a variation in the
average backscatter of less than +0.5 dB. Floes varied in size from 0.4 km? to 60 km?® with the
average size about 6 km?, equivalent to the size of the mainice-camp floe. Due to the low contrast
in the first images on February 1, explained in Section 4.3.1, we could not identify individua
floes, and no floes are tracked from this date. Since the ice floes were advected first westward and
then northward through the fixed orbit swaths, it was not possible to continuously track al the
floes on all of the images.

3.2.2 Scatterometer Images
The periodic mesoscale SAR snapshots of ice conditions are supplemented using the EScat

mode data from the ERS-1 AMI instrument. While ERS-1 SAR image pairs provide detailed
indications of the ice motion and sea-ice conditions on the 100 km scale, time-integrated, medium-
scale resolution, hemispheric coverage EScat images complement the SAR with uninterrupted
mapping of basin-scale dynamics and the processes of the autumn advance of the entire sea ice
cover [Drinkwater, In Press].

Enhanced resolution C-band backscatter images are produced from 500 km-swath, gridded
EScat data, improving the intrinsic 50 km resolution to ~20 km [Drinkwater et al., 1993; Long &
al., 1993] with a pixdl spacing of ~9 km a 70°S. EScat images map the mean backscatter
coefficient from a series of measurements at incidence anglesin the range 20° < 6 < 60°, for a given
measurement cell location, according to the linear model;

0°(8) = Og, + M (6 -40°). Q)

Equation (1) provides a measure of the rate of change of backscatter coefficient o° with
incidence angle (0) as gradient M [Drinkwater et al., 1994], and a mean backscatter coefficient

(04) Normalized to 40° incidence (i.e. ahigher incidence angle than the 20-26° in SAR images). M
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isfound to be particularly sensitive to whether backscatter is caused by primarily surface or volume
scattering [Drinkwater and Carsey, 1991].

Six-day EScat images of the entire Southern Ocean south of 55°S were generated
throughout the 1992 winter (at 3-day intervals), to enable basin-wide Weddell Sea ice processes to

be monitored [Drinkwater et al., 1993]. These are used to obtain M and 0, values [Drinkwater et

al., 1994] around the ISW location, as defined within the geographic bounds of the SAR image
frames.
In summary, we use four different values to describe the searice backscatter coefficient:

Oog, (the global average of a SAR image), M and 0, (the dope and the average backscatter &

40° incidence from the EScat images) and 0,,, (average backscatter of tracked multi-year floes
within the SAR images).

4.0 Results

4.1 Meteorological Conditions
During I1SW camp deployment, air temperatures ranged between -2 and -4° C and remained below

freezing for the rest of the experiment. Air temperaturesin Figure 3 can be roughly divided into two
different time periods. Prior to day 57, temperatures were generally warmer than -8° C. The only
exceptions to this were days 47 and 50, when temperatures reached as low as -15° C for two or
three hours. After day 57, except for a short warm period from day 62 to day 64, temperatures
steadily decreased and remained between -15 and -25° C for the remainder of this study.

Low pressure and accompanying strong southwesterly winds a the outset of the drift
generally exceeded amean value of 5 ms™ from day 35 to 47. A brief period of easterly winds in
the period between day 53 and 57 advected warm air over ISW before the wind direction veered
back to southerly and cooling set in. With relatively higher pressure and stable conditions wind
speeds remained around 3 ms™, with the exception of one stormy period between day 64 and 66
during acold air outbreak from the south, when wind speeds exceeded 10 ms™. Wind speeds and
air temperatures at the SAR imaging times are listed in Table 1.

4.2 Snow and Sea-Ilce Conditions

4.2.1 Ship Observations Prior to and During | SW Deployment
| ce observations were collected by observers aboard the Akademik Federov as it traveled to

the ISW deployment location. These were collected hourly while the ship was underway, using the
method described by Allison and Worby (1994). Ice concentrations exceeded 80 % after passing
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south of the location 70.4°S, 50.1°W early on day 34. At this location, the ice concentration
increased significantly, during transit through a band of highly deformed old ice reaching an
average thickness of as much as 3 m. After this band, the ice concentrations remained grester than
80 %, with more thinner (30-40 cm) ice. Openings between ice floes were generally wide (> 50
m), and the ship made good progress following leads, generally travelling at speeds in excess of 3
ms* (6 kt). Prior to reaching the final camp location, the concentration of thicker, highly deformed
floes decreased to about 10 %, and the remaining floes (80 %) were about 50 to 60 cm thick, with a
snow layer which was flooded in some locations. Immediately around the camp, the ice
concentration was 80% to 90%, with new grease ice beginning to form in the leads.

4.2.2 Sea-lce and Snow Conditions at | SW
After the camp was fully established on day 46 (February 15), snow and ice physica

properties were routinely measured at the surface measurement sites.

Snow Pits
Snow pits were periodically dug in the vicinity of the thermistor strings, and snow

characteristics such as the temperature, density, salinity and grain size were measured. A total of 12
snow pits are used for this study. Three snow pits each were dug at sites A and B from day 55 to
day 67, one additional snow pit was examined at site A on day 89, two weeks after the fina SAR
overpass. One snow pit each was dug at sites D and G and at three of the remote sites (Chris,
Dimitri and Ed). SitesV and Jinitially had no snow cover, although both subsequently had snow
accumulation.

Snow pit depths varied from 10 cm on newly frozen lead ice a remote Site Chris, to 58 cm
a ste A, adeformed ice sSite close to the ice camp (Figure 2). Samples of known volume were
collected at vertical intervals within the snow pit, and weighed to calculate adensity. These samples
were then melted and the salinity of the meltwater measured. The salinity was 0.0 psu (i.e. practical
sainity units) in all samplesin 8 of the 12 snow pits. In one pit, the salinity at the base of the snow
was 1.7 psu. In 3 of the pits, the upper portion of the snow had no salinity, but a saturated basal
dlush layer was discovered. In these cases the slush was about 50:50 water and ice (or snow), and
the bulk salinity varied from 15 to 17 psu. Just above thisslush, a5 cm layer of snow had salinities
ranging from 0.2 psu to 1.7 psu.

At site A, ahighly deformed region, this slush layer was found in one of the two snow pits
examined on day 55. At site B, an undeformed site, the layer was continuous and found in snow
pits dug on day 55 and day 67. In dl cases, this slush layer was overlain by dry snow, and there
was no visible sign of the flooding from the surface. This slush had formed either by infiltration of
seawater from the sides of the floe, or verticaly through the permeable ice [Fritsen et al., 1994].
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Although there may have been some melt water from the snow included in this slush, the high
salinity and the location of the top of the slush layer near sea leve indicate it was primarily caused
by sea water infiltration. Further biological and salinity data [Fritsen et al., 1994] confirmed that
this dush layer was hydraulically linked to the underlying ocean.

Temperatures were measured a 2.5 cm verticd intervals in the snow pit, and agreed well
with the more continuous (in time) data obtained from the thermistor strings. On day 55, snow
temperatures were near isothermal, and ranged from -1.1° C to -1.8° C. As ar temperatures
decreased, the snow pack cooled from the surface downwards, and by day 70, the ice-surface
temperature at al sites was less than -2° C [Lytle and Ackley, 1996]. At sites with thinner snow
cover, this cooling occurred much sooner. At site A, the initia ice thickness was 1.1 m with a
snow layer 0.4 m deep, and a basa slush layer varying between 0 and 0.13 m thick. The snow
layer was initidly isotherma at around -1° C. By day 70 the slush layer had completely frozen
downward to the sea-ice surface.

Early in the experiment, snow densities varied from 260 kgm?® to 470 kgm?® with the
density increasing with depth in the snow. The snow was generally fine grained (diameter less than
0.5 mm), and three of the deeper (0.39 to 0.58m) snow pits had ice layers within the snow,
indicating previous melt episodes. Later, on day 73, lower density snow (190 kgm®) was observed
near the base of a 25 cm snow pit, withinwhich a 4 to 5 cm thick layer of depth hoar crystals had
developed. These crystals were severa millimeters in diameter and were found in increasing
amounts in the snow pits as the cold air temperatures persisted. We did not find ice layers within
the snow cover, athough some of the snow was very hard, particularly near the base of the
snowpack. It was difficult to collect density samples because the cutters would not penetrate,
however where we could sample it the density was still about 450 kg/m®. These hard layers were
probably formed by refreezing of wet snow.

Drilled holes
During ISW deployment, for logistics requirements, 57 holes were drilled at random

locations on the floe. The snow and ice thickness measured and the presence of a basal slush layer
was noted. | ce thickness varied from 0.78 m to greater than 3.4m, with an average of 1.5m. The
snow depth ranged from 0.14 m to 0.75 m, with an average of 0.4 m. Half of these random
locations had aslush layer at the base of the snow.

Snow and ice thicknesses were measured at one meter intervals along a 100 m profile line
near site A [ Lytle and Ackley 1996]. On day 56, 80% of the holes had an ice surface below sea
level, and slush at the base of the snow. Some of this slush was quite thick, and the average ice
elevation was 0.12 m below sea level. This line was re-surveyed on day 112, after much of the

10
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slush had frozen, creating snow-ice; only 34% of the ice was below sea level and the average ice
elevation was 0.04 m above sealevel.

Ice Cores
I ce cores were collected periodically, and analyzed for salinity and ice structure. The top 5

cm of theice had salinities which were generally greater than 5 psu, and often as high as 15 or 20
psu. The snow cover insulated the ice, which during the study period (until day 74) remained
warmer than about -5° C. Exceptions to this occurred only in ridged areas where the snow had been
scoured, and the ice surface was exposed to cold air temperatures. This combination of warm,
porous and relatively salty ice resulted in considerable liquid brine at the ice surface. Consequently,
we estimate little or negligible penetration of the microwaves into the ice surface, with the majority
of the scattering occurring from the snow cover, or the surface of theice or dush.

Summary of snow conditions
The snow cover in the region was variable in depth, ranging from no snow on the tops of

ridges and on newly formed leads, to over 0.7 m where the snow had collected in the lee of ridges.
From the random drilling locations, and the profile lines we estimate that from 30% to 50% by area
of theiceinitidly had a slush layer a the snow/ice interface caused by intrusion of sea water into
the snow by early February. In deformed areas of ice, this slush layer was discontinuous; a thick
(up to 0.3 m) layer of slush could occur in the lee of ridges, with a completely dry snow cover
within several meters near the top of the ridges. In undeformed regions the slush layer was more
gpatially uniform and the snow would either be completely dry (no slush), or have a continuous
slush layer over tens of meters (e.g. site B). In al cases we found that snow above about 10 cm
above the slush was dry, and contained no salt. By day 70, this slush had frozen creating snow-ice
[Lytle and Ackley 1996] and had an identical crystd structure, and salinity which was
indistinguishable from the underlying granular ice. After this time, wet snow was found only near
newly formed ridges and because of the cold air temperatures the froze quickly (less than one day).

Asair temperatures dropped, the vertical temperature gradient in the snow pack increased.
This enabled formation of large, depth hoar crystals near the base of the snow, by the mechanism
of temperature-gradient metamorphism [Sommerfeld and LaChapelle 1970].

4.2.3 Helicopter Site Sampling
Helicopter flights were made once or twice aweek as logistics and weather permitted. During these

flights, observers on board estimated the amount of open water, new, nilas and thicker, snow-
covered ice (Table 2). Because we flew to the same remote sites, the same genera collection of
floes were overflown each time a flight went to a specific remote site. With the exception of the last
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flight on day 74, the estimates were made by the same observer. These are quantitative estimates
and the errors are difficult to assess. For days where the open water is listed as zero, no open water
was observed during the flight. At ice concentrations ranging from 1 to 10%, the errors are
estimated to be less than 4 %. For higher concentrations the errors are estimated to be less than 10
%. Early conditions on day 43 indicated 10 to 20% open water to the east of the camp. On the day
48 flight to the south and east of the main camp, we observed about 3 % open water, and 3 % new
ice around the camp and after this time, there was less than 8 % open water, and on four flights, no
open water was observed.

Based on the observations both from the air, and from the ship, there was a significant
decrease in open water fraction between day 32 (just after the initidd SAR data were collected) and
day 48. Rather than additional new ice growth, this was primarily the result of compaction of the
ice in the region. This is confirmed by helicopter observations where new ridging was observed
around the edges of floes. The relative GPS locations of the remote sites also confirm this
deformation activity. For instance, site Alex deployed about 50 km due east of theice camp floe on
day 37, had moved dlightly south relative to the main ice camp floe, and was about 45 km away.
After day 43, site Alex moved south and west (relative to the | SW-camp floe), and was only 24 km
away at a heading of 150° (south east) on day 48 (see Figure 2d). This period also corresponds to
anincreasein the velocity of the overdl pack, and a change in the drift direction [Drinkwater and
Kottmeier, 1994]. After this time, we continued to observe new ice formation (up to 20%), but
there was no large scale rel ative movement of the remote floes.

4.3 ERS-1 Radar Observations

4.3.1 Calibrated Sea-1 ce Backscatter Characteristics

Comparisons of histograms of calibrated SAR backscatter coefficient (derived from all pixel
values an entire SAR image) are auseful indicator of changes occurring in response to variations in
the regional searice characteristics. Backscatter coefficient distributions represent mixtures of
backscattering from snow-covered multi-year ice, new or first-year ice, and open water found in
the region. Such SAR image backscatter histograms are presented in Figure 4 for; (1) day 38 at ice
camp deployment; (2) day 41; (3) day 70; and (4) day 74 (see Appendix I). These four dates were
selected by using the meteorological record from ISW (in Figure 3) to subdivide the SAR imaging
window into periods with markedly different temperatures or wind speeds, before and after freeze-
up. Thefirst two dates represent the early, relatively warm phase of the experiment. For histogram
1 (G = -8.0 dB), windspeeds exceeded 9 ms* with an air temperature of -2.8° C; and for
histogram 2 (G, = -7.97 dB) the windspeed remained 8.7 ms* but the air temperature dropped
dightly to -6.9° C. Colder conditions, with air temperatures below -19.0° C, are represented by the
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latter two dates. For histogram 3 (Tg,, = -8.9 dB), winds were calm at 2.6 ms™, and for histogram

4 (O%n = -9.6 dB) increased again dlightly to 4.2 ms™.
In histogram 1 in Figure 4, the relatively high wind speeds and air temperature ensured that

the snow cover was near isothermal. The SAR image has a smal range of relatively high
backscatter vaues (between -10 and -5 dB). A lack of contrast between ice floes and the
surrounding matrix of wind-roughened open water, makes it difficult to identify individua ice
floes. In-situ data collected upon arriva indicated that the snowpack was warm, and had previously
contained some liquid water. Thus, the scattering mechanism causing a mean of -8.0 dB and modal
value of -7 dB is predominantly surface scattering. Scattering occurs primarily from the slush/snow
interface whereit is present, from the ice/snow interface in areas where there was no flooding and
little snow liquid water, or from the snow surface if liquid water was present. Vaues below -10 dB
indicate smooth first-year ice or nilas-covered leads, while the small tail a values exceeding -5 dB
is caused by bright, wind-roughened leadsin thisimage.

Histogram 2 in Figure 4 (three days later), shows a large change in the backscatter
coefficient distribution for a case where the temperature drops and the winds remain relatively
brisk. In situ observations show that the temperature of the snow cover was just below freezing,
and that the upper layers of the snow were dry. With less attenuation through the snow cover, the
scattering surface (ice or slush) of the multi-year ice floes becomes a more effective scatterer and
the mode in the histogram increases to -6 dB. The most dramatic change is the increase in the
contrast between the multi-year ice floes and the leads. The unimodal distribution begins to
bifurcate into an overlapping bimoda distribution with a noticeable bulge developing at lower
backscatter pixel values. Thisbulge at values below -9 dB and the tail extending to values below -
15 dB representsfirst-year ice, nilas and calm open water in the SAR image.

Histogram 3 (day 70) shows a case dafter the onset of freeze-up, with cam winds and a
mean air temperature of -19.3° C. Thermistor data indicated that the cold wave had aready
penetrated beyond base of the snow, and that the slush a the snow/ice interface had frozen into
snow-ice (i.e. a mixture of meteoric ice and seawater). SAR images indicate that the backscatter
coefficient of multiyear floes has changed considerably, asindicated by the reduction in the mode in
the histogram around -8 dB. New lead ice formation also causes the low-end values in the
distribution to drop below -15 dB.

With the continuing freeze-up, by day 74 al remaining open leads became frozen.
Histogram 4 has alower mean value of -9.6 dB, and amode at -8.5 dB. The decrease in multi-year
ice backscatter has areduced the high-end values to below -5 dB. The lower end of the distribution
issimilar to day 70, (histogram 3) as new ice continues to form and thicken in the leads.
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4.3.2 SAR-derived Sea-1ce Concentration
Wind blowing on the surface of open leads can exert a significant influence on the global

SAR backscatter coefficient. At ice concentrations less than 100%, wind-roughened capillary
waves on open leads are acommon source of extremely bright pixel values (approximately -5 dB a
wind speeds of 5 - 6 ms* as derived using the CMOD4 agorithm [ Stoffelan and Anderson, 1993)).
Measurements of the amount of ice divergence or changes in the mesoscale characteristics of the ice
pack are therefore essential to corroborating that 0.,z changes are independent of mesoscale ice
conditions or indeed the fraction of wind-roughened open water. Estimates of sea-ice concentration
and of the ared coverage of leads were made from classified SAR images with the results are
indicated in Table 1. Images werefirst automatically classified using simplified decision-rule based
class boundaries, defined by the following backscatter ranges in the calibrated SAR images
[Drinkwater and Haas, 1994; Drinkwater et al., 1995];

Nilas: -255dB < 07, <-22.5dB

Open Water: -2550dB < 77, <-20.5dB (Calm)
-450dB < 3, <-1.50dB (Windy)

First-year ice: -205dB < Oy, <-10.5dB

Multi-year ice: -10.5dB < oy, <-4.50 dB

|cebergs: -1.50 dB < oy, < 0.00 dB.

Class boundaries were then manualy adjusted, based on a-priori information (i.e. temperature,
wind, and ice motion/deformation conditions) and matching of known ice conditions loca to ISW.
On the 100 km scale, the resulting SAR-derived ice concentrations vary between 91 % and 99 %,
agreeing closely with the regional observations from the helicopter (Table 2). Generaly, ice
concentrations varied around 95 %, with typically 80 % comprising multi-year ice floes. From
these data, changes in 0., were found to be uncorrelated with changes in the regiona ice

concentration or indeed the co-occurrence of high windspeeds and relatively larger open water
fractions.

4.3.3 Modulation of Radar Backscatter by Wind and Temperature
In order to further rule out effects of wind we investigated the relationship between Og,y,

O+, and the mean regiona wind and temperature conditions. Because of the relatively small
amount of open water in the region, we expect negligible influence of the wind on the global

backscatter values. The temporal evolution of O¢,; and T, isshown in Figure 5a. Despite winds
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varying from 2 to 9 ms™* there is no correlation between the wind speed and G, or Og,. Each
signature trgjectory is similar in its characteristics, and the effect of the wind on the backscatter
values is negligible over the first 15 days. The peak in wind speeds a day 64 (in Figure 3) is
shown as a sudden diversion (marked by acircle) in both trajectoriesin Figure 5a. A large increase
in 04 iSanticipated during such awind-burst, if leads are an important contributor to the global
backscatter values. In contrast, backscatter values actually fell at both 23° and 40° incidence during
this event, due to enhanced ice formation in the leads.

Correlations between air temperature and backscatter are shown in Figure 5b. As air
temperatures decrease from near freezing to below -20°C there is a decline of amost 2 dB in both
O and Og,. Linear regression coefficients of R = 0.85 and 0.90 are found for the SAR and
EScat backscatter coefficient data, respectively.

5.0 Discussion
Combined SAR and EScat datasets allow compilation of a time-series of radar backscatter over the

period coinciding with ISW surface measurements. SAR images represent a “snap-shot” of ice
conditions on a particular day while EScat image data indicate the mean values for a 6-day window
centered upon the day of interest, for any given SAR image (Appendix 1). Onset of autumn freeze-
up is captured well by the merged radar backscatter timeseries. Backscatter signature changes are
explained and quantified first in terms of the thermodynamic changes which drive them, and then
contrasts are drawn with the typical Arctic freeze-up scenario. To conclude, we present a heuristic
model which describes the autumn freeze-up transition in the Antarctic, together with a
characterization of the physical changes occurring in the snow and ice characteristics.

5.1 Summer-Autumn C-band Radar Backscatter Transition
Variations in the mean backscatter coefficient of multi-year ice floes, g,,,, global SAR image mean

backscatter coefficient, 0.5, and corresponding EScat values, oo, and M are shown in the
timeseriesin Figure 6. Error barsindicated for o,,, data points represent the range of mean values
observed for tracked multi-year icefloes. g, varied between -6.8 and -7.7 dB until after day 64
when it decreased almost 2 dB to vary from -8.5 to -9.3 dB. The peak vaues in 0., and Ty,
occurred on day 46 when air temperatures briefly warmed up. o,,, has a trend similar to that of
O, but because it doesn't integrate lower backscatter returns from small concentrations of thin

and first-year iceit is generaly 1 to 2 dB higher. &,,, varied from -5.1 to -6.3 dB until day 64,
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and then decreased to between -7.0 and -7.9 dB. Prior to day 64, the individual multi-year ice floe
backscatter values varied between -4.1 and -7.5 dB, probably due to their different snow and
surface roughness characteristics. However, they al showed a smilar decrease of about 1.8 dB
between day 64 and day 72. At the end of our time series, multi-year ice floes continued to have

the highest o, values (aside from the icebergs), in the range -4.8 to -9.6 dB.

O 13105 dB lessthan either 0, or T, because of its greater incidence angle at the
surface. It shows a smilar trend of decreasing values, athough the decrease occurred earlier,
possibly because it is integrated over severa days. 0., varied from -10.1 to -11.3 dB until day

62, and then decreased to between -11.6 and -12.3 dB. The gradient M decreased steadily from
0.22 on day 38 to 0.16 dB/deg by day 53, then increased again to 0.20 dB/deg by day 62. It then
showed a sudden large drop to its lowest value of 0.13 dB/deg on day 64, before increasing
slightly to values around 0.16 dB/deg by the end of the timeseries.

The decrease in the mean backscatter T,,, occurred at the same time as the decrease in Oy,
implying that perennial ice-floe signature variations are responsible for the large-scale regiona
backscatter signature variations. In-situ observations show that about 80 % of the ice consisted of

multi-year floes, and thus it is expected that changes in 7,,, result in similar changes to T g.

They aso indicate that the decrease in T, iS not caused by the progressive formation of new ice

types, such as nilas and first-year ice with lower backscatter values, but rather a change in the
backscatter coefficient of the multi-year floes themselves.

Because the scatterometer data are six-day moving averages (each centered on the day of
interest), they act as an integrator over time, thereby sensing any changes occurring dightly before
or after the snap-shot time of individual SAR image frames. At timeswhen thereis a deficit of SAR
information, such as the period when the major changes begin to occur in the slush layer (i.e. after

day 64), the scatterometer values help fill in the data gap. The earlier decreasein o, relativeto the

dropin 04y and g,,, indicatesthat the change in backscatter occurred closer to day 64 than to day

70 (after the freeze-up), when the next SAR image was col | ected.

The timing of these decreases in backscatter (in Figure 6) correspond to a period of
significant changes in the physical properties of the ice and snow cover. On day 64, the ar
temperature dropped steeply, increasing temperature gradients within the snow pack from around
0.2 C/m to as much as 0.7 C/m (Figure 6b). By day 60 the top of the slush layer a site A had
cooled to -1.8° C and this layer began to freeze, as illustrated in Figure 7. The freezing isotherm (-
1.8° C) moved slowly downward from the top of the locd slush layer (around +10 cm above sea
level) on day 60 to the original ice surface on around day 68 (indicated by triangle), reaching -10.0
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cm beneath the original sea-ice surface by day 75. During this period the liquid water content of the
layer had decreased from around 50 % to lessthan 5 % [Fritsen et al., 1994].

5.2  Thermodynamics of Autumn Freeze-up

On the basis of the radar backscatter trends and field-observed snow and ice characteristics, a
heuristic model is developed in this section. The schematic diagram in Figure 8 is used to describe
and characterize the primary changes taking place in thislocation during austral freeze-up.

521 Implicationsof Flooding
Flooding at the base of the snow cover, and the subsequent freezing of this slush layer has

significant thermodynamic and biological implications [Fritsen et al., 1994; Lytle and Ackley,
1996] in addition to having a considerable impact on the C-band radar measurements. The snow-ice
formed by this process during autumn freeze-up also comprises a significant portion of the pack
ice. Lange et al. (1990) and Eicken et al. (1994), for instance, estimate that around 4 - 7 % of the
sea ice in the Weddell Sea is composed of snow-ice. In concurrence with this observation, our
measurements appear to indicate that this ice formation process is widespread in this region & the
end of summer.

The schematic ice characteristics changes in Figure 8 indicate that the deep snow cover,
observed on thick seaice at the end of spring, provides the insulation required to protect the ice
from melting during the summer months (in phase I). Beneath this layer of snow, the sea ice
becomes isothermal at temperatures approaching the melting point. Ice floes respond isostatically
to either bottom melting (positive) or additional snow loading (negative) by precipitation (each
marked by upward or downward facing triangles, respectively). The warm sea ice becomes porous
and awell developed brine-channel network develops (phase 11). This network is proposed as the
conduit by which undeformed ice floes may become flooded. The ice may also be flooded near
regions of deformation, but thisis more likely flooding occurring from depressed edges of the floe.
Figure 8 shows that as the freeboard of an arbitrary ice floe adjusts to increased loading or bottom
melt and reduced buoyancy, the sea-ice surface is depressed beneath sealevel. This results in brine
flowing upwards through the brine channel network onto the surface of the ice, thereby saturating
the basal snow. The flooding processfillsin any low regions of the ice floes, and this slush layer
smooths out the large scale (decimeter) ice-surface roughness. Centimeter scale roughness created
by the snow grains, on the surface of the slush remains to provide an effective scattering surface a
C-Band. The brine/ice mixture remains at a constant freezing temperature regulated by its salinity,
and until the slush layer freezes (in phase I11) the underlying ice remains isothermal. The rate a
which the dlush layer freezes is dependent on the snow depth and the air temperature.
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5.2.2 Physical Mechanisms

Early in the timeseries of radar data, prior to ISW deployment, backscatter values were
depressed from their peak value on day 46 (04, = -8.02 dB and 0, = -11.3 dB, respectively).
The observation of distinctiveicy layerswithin some of the snow pits (described in section 4.2.2)
indicates that some liquid water existed in the upper snow pack prior to ISW deployment. It is

speculated that snow melt is responsible for the uniform texture and lower ¢° of the ice pack in the

initiadl SAR backscatter image pair on day 32 (Appendix I). We have no in-situ data to confirm this,
but asthe air temperatures fell from their seasonal maximum, it is suggested that any liquid water
froze within the snow pack to form the observed layers. By early February and the first snow pit
samples, there was no liquid water remaining in the upper portion of the snowpack.

In general, the high ice surface salinity (and corresponding high brine volume) result in little
radar signal penetration into theice. Consequently, the primary surface scattering is expected to be
from the snowl/ice or the slush/snow interface, in addition to possible volume scatter from the
snow.

Because the dush layer isinitially about 50% water, and then froze, the upper surface of the
slush layer, (or after freeze-up the surface of the ice), is the primary source of eectromagnetic
scattering. Because the snow cover was dry above the lush layer, we assume that surface scatter
from the slush/snow interface, or ice/snow interface, was the primary scattering mechanism.
Surface scatter as the primary scatter mechanism is supported by higher M values found early in the
experiment (Figure 6¢). Asthe slush layer froze, its dielectric constant, and hence the magnitude of
the surface scattering changed. Although the cm-scale surface roughness of the slush may have also
changed during freeze-up, here we show that the change in diglectric constant alone is sufficient to
explain the observed change in backscatter. This idea is supported by independent C-band
measurements of slush on first-year ice elsewhere in the Weddell Sea[Hosseinmostafaet al., 1995;
Lytleet al., 1996].

For surface scattering models, the magnitude of the scattering is directly proportional to the
power reflection coefficient. Because the snow-ice formed from freezing of this slush layer has
significantly less liquid brine than the origina slush layer, it also has a considerably different
dielectric constant, and hence reflection coefficient. The slush initially comprised a mixture of ice
crystalsand brine, in approximately equal proportions. The brine in this mixture had a sainity of
between 30 and 35 psu (i.e. smilar to the origina seawater), and therefore the bulk salinity of the
slush mixture (when melted) was 16 to 18 psu. When freeze-up occurs, the complex digectric

constant of this slush changes from avalue of €* = 20.0 - j11.0, corresponding to a 1.1 mixture of

brine and pure ice crystals (where the value for seawater at freezing point is ¥ = 55.0 - j41.0), to
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permittivity values more typical of seaice (€* = 4.25 - j0.1) [Hallikainen and Winebrenner, 1992]

of around 6 psu bulk salinity [Lytle and Ackley, 1996]. For an average snow density of 300 kg m™
the dielectric constant is about 1.4 [Glenn and Paren, 1975]. Using these values, the calculated
magnitude of power reflection coefficient as the slush freezes, is reduced from 0.78 to 0.07, and
equivalent to a decrease of 10 dB a normal incidence for a plane reflector. While these are only
genera estimates of the dielectric constants and resulting reflection coefficients, our observations
together with model simulations by Lytle et al. (1996) demonstrate that the freezing of this slush
layer is sufficient to cause a large change the backscatter, smply by changing the digectric
constant. The difference between the 10 dB estimated decrease in reflection coefficient, and our
observed 2 to 3 dB decrease is due at least in part to the fact that the floes were not completely
flooded, and the fact that the competing effect of hoar frost devel opment tends to counterbalance the
reduction due to salinity changes.

The maximum backscatter values on day 46, corresponding with dightly warmer
temperatures, suggest a stronger contribution from snow-surface backscattering as the snow

surface warmed. The lack of significant associated changein T

catt

or M, which are averaged over

1 week suggests that this change was short lived. Subsequently, M followed the snow-temperature
gradient extremely closely. The large decrease in M on day 64, and the subsequent lower values are
an indication of an increase in volume scatter at 40° incidence. Day 64 corresponds to the beginning
of the formation of large depth hoar crystals (3-4 mm in diameter) as discussed in section 4.2.2
which may be the source of this volume scatter. The negative correlation between M and the snow
temperature gradients is consistent with the argument that snow volume scattering contributes to
regulating signature characteristics. It isdifficult to quantify the area extent of the depth hoar, but
the large air temperature decrease around day 64, causing alarge increase in temperature gradient in
most of the snow pack will produce the conditions required for its formation over most of the
region. Consequently, although the ice/snow interface continues to be the primary scatterer, depth
hoar formation within the snow from day 64 onwards, and the decreasein M values are consistent
with a combination of snow volume scattering and rough surface scattering from the snow-ice
interface.

5.3 Contrast between Antarctic and Arctic C-band Autumn Observations
These results show adramatically different progression from summer to autumn conditions than is

typically observed in the Arctic [Drinkwater and Carsey, 1991; Gogineni et al., 1992; Winebrenner
et al., 1996]. Whereas during the course of autumn freeze-up, C-band Arctic multiyear ice

signatures increase from a summer minimum of around -13 dB to a maximum of around -10 dB,
our Antarctic cases mirror the trend with opposite sense. This unanticipated result highlights the
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importance of physical differences between perennia ice in each hemisphere a the end of the
summer, together with the thermodynamic changes occurring during this seasonal transition period.
A deep snowcover survives throughout the summer on perennia Antarctic ice [Massom et al.,
1997] in contrast in the Arctic, snow is typically either completely removed from ice floes by
summer ablation, or partially metamorphosed into a superimposed ice layer. Radiational heating
and cooling during diurnal cycles, and drainage of free-liquid melt water into well-defined pools
together result in a hummocked and meltponded Arctic multi-year ice surface topography. Snow
melt, flushing and brine drainage produces a relatively low surface salinity layer (containing voids
and air bubbles in raised portions of the floe) which has no equivalent in the Antarctic perennia ice
zone a the end of summer. As autumn freeze-up occurs and fresh-water melt ponds refreeze and
disappear, bubbles within the cold, desdlinated snow-ice, together with the ar-ice interface,
become the primary scattering source [Drinkwater and Carsey, 1991; Gogineni et al., 1992]. This
resultsin an Arctic multiyear microwave signature characterised by volume scattering [Hallikainen
and Winebrenner, 1992], which displays ittle variation with incidence angle and has typica linear
gradients of M = 0.125 dB/deg in the range 20° < 6 < 60°.

In this study, we identified large, snow-covered multi-year floes with an average
backscatter of -6.3 dB, dmost 4 dB higher than the -10.2 + 1.01 dB observed for winter Arctic
multi-year ice floes [Fetterer et al., 1994] and also greater than the anomalously high -8 dB vaue
reported by Winebrenner et al. (1994) for cold, winter multi-year ice. Due to high surface salinity
of theice or saturated basal snow in this region (and thus high microwave absorption coefficient),
internal volume scattering from inhomogeneities (such as bubbles) within the sea ice plays a
negligible role in backscattering. Evidence provided by the range of floe backscatter measurements,

asindicated asbarson Oy, in Figure 6c¢, and the non-uniform nature of backscattering from the ice

floes (in Figure 2) support the assertion that the signatures between days 32 - 46 result from
primarily rough surface scattering (i.e. from the slush/snow, or ice/snow interface), yielding values
of M=0.2-0.22 dB/°.

6.0 Conclusions
Variations in backscatter of seaice are investigated at a variety of spatial scales from individual

floes to 100 km during the period of the drift of ISW, to determine whether the austral autumn
freeze-up drives measurable changes in radar backscatter values measured from space. At the end
of the freeze-up period there are significant differences between the newly formed ice in leads and
multi-year ice floes; the latter have an average backscatter of -9 dB, while the new ice is -15 dB, or
lower.
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Backscatter from summer Antarctic multi-year ice is equa to or greater in magnitude than
typical midwinter Arctic, multi-year ice. However, it isunlikely that volume scatter contributes any
significant part of Antarctic searice backscatter, due to the high brine content in basal snow at the
ice surface, and the lack of air pockets. Rather, the observed trend is predominantly the result of
surface scattering initidly from the snow/dlush (or snow/ice interface where there is no slush
layer), which a the outset was estimated to cover 30-50 % of the region. As this slush layer
freezes, and the amount of liquid water decreases from an estimated 50 % by volume to 5 % by
volume, the reflection coefficient decreases by an order of magnitude. This new sea-ice surface, of
lower reflectivity than the original slush layer therefore causes an overall decrease in the backscatter
of 1-2 dB. Since a significant temperature gradient exists in the snow pack, depth hoar formation is
encouraged, and athough volume scatter increases the surface scatter is ill the dominant
mechanism.

As C-band radar penetrates through the dry summer snow at the surface of Antarctic ice
floes, remote sensing techniques using ERS-1 radar data are an effective tool with which to study
the timing of snow-ice formation in this and other smilar sea-ice regions, and to use as a proxy
indicator of algal growth within the ice pack. Based on precipitation patterns, the prevalence of
perennid ice, and preliminary observations of similar trends in the microwave time-series, the
mechanism of snow-ice formation is aso anticipated to be particularly widespread in the
Bellingshausen and Amundsen Seas, where extreme snow loading has been observed in the field.
Evidence for upward accretion of meteoric ice [Kawamuraet al., In Press] has also been found for
instance in L itzow-Holm Bay, in the region offshore from the Japanese Syowa station.

Future work combining ice-floe tracking technology with the radar signature tracking
capability will improve characterization of the seasonal transitions undergone by contrasting
seasona and perennial ice floes in regions where flooding has been observed in the field. This will
allow competing ice-floe signature effects to be resolved, such that the widespread nature of the
snow-ice growth process may be more accurately quantified in high-resolution radar image data.
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Figures

Figure 1 Map of the ISW-drift track, and locations of ERS-1 SAR image frames on
ascending and descending orbits (see Table 1). The enlarged inset indicates the period of
observations in this study, together with the drift of the camp floe: air temperatures are indicated
for each imaged location.

Figure 2. ERS-1 SAR images and charts depicting; (a) regiona sea-ice conditions around
ISW on February 10, 1992, and (b) a zoomed depiction of box region showing the bright reflection
from Akademik Fedorov (AF) moored alongside the camp floe [SAR image data© ESA 1992]; (c)
large scale roughness of the ISW camp floe characterized by the backscatter intensity of the ship-
based radar. Higher numbers inside triangles indicate the rougher portions of the floe; and (d)
indicates the locations of remote sites Alex, Brent, Chris, Dimitri, and Ed, on day 62.

Figure 3. Meteorological timeseries of (a) air temperature; (b) wind speed; (¢) 24-hour
smoothed true wind direction; and (d) surface air pressure. Data prior to day 57 is obtained from
the Finnish Salargos buoy, and after day 57 (marked by symbol *) was collected at ISW.

Figure 4. Histograms indicating four contrasting pixel backscatter distributions around ISW &
times, for; (1) day 38; (2) day 41; (3) day 70; and (4) day 74.

Figure 5. Relationships between the backscatter coefficients of ERS-1 SAR, 0g; (8 = 23°),
scatterometer, 0, (8 =40°) and (a) wind speed; and (b) air temperature.

Figure 6. Measurement timeseries of (a) hourly air temperatures with SAR imaging times; (b)
thermistor snow temperature gradients; (c) ERS-1 radar backscatter coefficients, m indicates o,,,
(i.e. mean multi-year ice floe value) and the range from all tracked floes; % isthe global SAR image
mean (Og,z); and @ isthe 40° incidence normalised EScat backscatter coefficient (0., ); (d) linear-
fitted EScat backscatter gradient (M) between 20 and 60° incidence.

Figure 7. Timeseries of the thermal profile obtained from site A on the camp floe (see Figure
2c for location), indicating the downward propagation of the freezing (-1.8° C) isotherm with time.
The dotted line indicates sealevel and the upper solid line the mean height of the time-varying snow
depth.

Figure 8. Heuristic Moddl for temporal changes occurring to thick ice surviving the Antarctic

austral summer through fall freeze-up. Salinity and temperature changes are described, together
with the schematic relationship to the origins of C-band backscattering.
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Table 1. Listing of air temperatures, and wind speeds obtained from the Finnish
Salargos buoy (prior to day 57) and Ice Station Weddell, and ice concentrations obtained
from supervised ERS-1 SAR data classification of images listed in Appendix 1.

Decimal | Air Temp. | Windspeed Ice Open Water
Day (°O) (ms™) Concentration Fraction
38.2 -2.8 9.2 0.985 0.015
41.2 -6.9 8.7 0.984 0.016
44.2 -6.9 8.7 0.971 0.029
46.5 -3.0 4.5 0.910 0.089
47.2 -5.5 4.0 0.981 0.019
50.2 -14.3 2.8 0.985 0.015
52.5 -8.2 4.9 0.968 0.032
53.2 -2.5 5.7 0.987 0.013

562 | _as |- 3| 0969 |~ 0.031 ___
58.5 -9.8 2.5 0.970 0.030
62.2 -13.5 2.3 0.971 0.029
64.5 -14.9 7.5 0.969 0.031
70.5 -19.3 2.6 0.992 0.008
71.2 -20.6 3.4 0.998 0.002
74.2 -19.6 4.2 0.998 0.002




Table 2.

Listing of visual ice observations during helicopter flights.
No data indicates poor visibility and lack of contrast between new ice and

open water.
Date Direction of | Open Water Nilas

(Day of Year) i (%) (%)
Feb 12 (43) East 10-20 -
Feb 17 (48) | South & East 3 3
Feb 17 (48) North 7 10
Feb 27 (58) West 8 10-20
Feb 29 (60) | South & East 0 20
March 1 (61) East 0 20
March 1 (61) North 2-3 20
March 3 (63) [ West (50 km) 1 20
March 3 (63) | West (100 km) 5 10
March 3 (63) East 1 -
March 6 (66) East 0 -
March 9 (69) West <1 10
March 10 (70) | South & East 0 -
March 14 (74) | East and West - -




Appendix L

Listing of ERS-1 SAR images used in the study, together with their orbit/frame
numbers and the date and time of acquisition. Precision in time information is retained here to
maintain necessary precision in locating targets within geolocated SAR images.

Image| Day + Time (GMT) IMAGE CENTER ISW ERS-1 SAR
ID# Date Decimal Day | Longitude | Latitude| Latitude | Longitude | orbit | frame*
1 | 1Feb.1992]| 32.18568464 | -72.125 | -51.267 - - 2853 | 5679
2 | 1Feb.1992] 32.18585917 | -71.417 | -53.080 - - 2853 | 5697
3 | 7Feb.1992] 38.18569878 | -72.123 | -51.286 | -71.8222 | -50.3453 | 2939 | 5679
4 | 7Feb.1992] 38.18587328 | -71.414 | -53.099 [ -71.8222 | -50.3453 | 2939 | 5697
5 |10 Feb. 1992 41.18569747 | -72.121 | -51.282 | -71.9058 | -51.4684 | 2982 | 5679
6 [ 10 Feb. 1992] 41.18586801 | -71.413 | -53.094 | -71.9058 | -51.4684 | 2982 | 5697
7 |13 Feb. 1992 | 44.18570231 | -72.125 | -51.282 | -71.7283 | -51.7772 | 3025 | 5679
8 | 13 Feb. 1992 44.18587686 | -71.417 | -53.095 | -71.7283 | -51.7772 | 3025 | 5697
9 [ 15 Feb. 1992| 46.48245574 | -71.587 | -53.038 | -71.5335 | -52.1546 | 3058 | 5103D

10 | 16 Feb. 1992 47.18589009 | -71.415 | -53.101 [ -71.5202 [ -52.3233 [ 3068 [ 5697
11 |19 Feb. 1992 50.18588884 | -71.414 | -53.101 | -71.3668 | -52.3724 | 3111 | 5697
12 |21 Feb. 1992 52.48244245 | -71.587 | -53.035 | -71.3047 [ -52.4648 | 3144 [ 5103D
13 |22 Feb. 1992 53.18586709 | -71.413 | -53.096 [ -71.2664 [ -52.5471 | 3154 [ 5697
14 |25 Feb. 1992 56.18583784 | -71.525 | -52.836 | -71.4122 | -52.9834 | 3197 | 5697
15 |27 Feb. 1992 58.48242006 | -71.576 | -53.069 | -71.4038 [ -53.1045 | 3230 | 5103D
16 | 2 Mar. 1992 62.18585153 | -71.414 | -53.100 [-71.3592 [ -53.1726 | 3283 [ 5697
17 | 4 Mar. 1992 64.48242834 | -71.589 | -53.017 | -71.2670 | -53.3821 | 3316 | 5103D
18 |10 Mar. 1992 | 70.48246020 | -71.589 | -53.029 | -70.9942 | -53.6072 | 3402 | 5103D
19 |11 Mar. 1992 71.18589220 | -71.422 | -53.114 [ -70.9768 | -53.6247 | 3412 | 5697
20 |11 Mar. 1992 71.18606674 | -70.698 | -54.799 | -70.9768 | -53.6247 | 3412 | 5715
21 |14 Mar. 1992 74.18588495 | -71.416 | -53.121 | -70.7644 | -53.5745 | 3455 | 5697
22 |14 Mar. 1992 [ 74.18605949 | -70.693 | -54.811 | -70.7644 | -53.5745 | 3455 | 5715

* Note Suffix D signifies SAR image acquired on a descending orbit.




